Using Brillouin light scattering microscopy and micromagnetic simulations, we study the propagation and transformation of magnetostatic spin waves across uniformly biased curved magnonic waveguides. Our results demonstrate that the spin wave transmission through the bend can be enhanced or weakened by modifying the distribution of the inhomogeneous internal magnetic field spanning the structure. Our results open up the possibility of optimally molding the flow of spin waves across networks of magnonic waveguides, thereby representing a step forward in the design and construction of the more complex magnonic circuitry.
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The transmission of optical signals across junctions of planar photonic waveguides and sharp corners can be achieved using turning mirrors [1] , photonic crystals [2] , and specially designed waveguides featuring either strongly contrasting refractive index [3] or plasmonic properties [4] . This transmission is assisted by the isotropy of the photonic dispersion. Magnetostatic spin waves, in contrast, are inherently anisotropic, possessing dispersion that depends drastically on the relative orientation of the magnetization and wave vector [5] . The anisotropy renders the task of guiding spin waves in conduits of magnetic material (magnonic waveguides) much more complex. Due primarily to the fact that spin waves are free of the Joule heating associated with electronics, they have been suggested to serve as information carriers within beyond-CMOS (complementary metal-oxide semiconductor) computing technologies [6] . So, an entire field of research has emerged devoted to the design and construction of magnonic devices. Minimization of both the spatial footprint of such circuitry and loss associated with the transport of spin waves along waveguides with broken translational symmetry (i.e., at bends) is central to the design of future magnonic computational architectures [7] [8] [9] .
The foundational concepts of spin wave propagation are fairly well understood [5] . In an in-plane magnetized uniform thin film, the propagating magnetostatic (long-wavelength) spin waves can be classified into two types. If the magnetization is orthogonal to the wave vector, the spin waves have positive dispersion and are referred to as magnetostatic surface spin waves (MSSWs). If the magnetization is parallel to the wave vector, the spin waves have negative dispersion and are typecast as backward-volume magnetostatic spin waves (BVMSWs). In a translationally invariant film, the two dispersions have no overlap. Upon restricting the thin film so as to form a waveguide, the spin waves form laterally confined width modes, having sinusoidal transverse dynamic magnetization with n antinodes. The dispersion branches characterizing the multiple width modes shift in frequency, leading to an overlap of the branches corresponding to the MSSWs and BVMSWs and enabling conversion of the * Corresponding author: SadovnikovAV@gmail.com spin wave type in T junctions of magnonic waveguides [10, 11] .
Modifications to the shape of a straight magnonic waveguide results in the formation of inhomogeneous distributions of demagnetizing fields, magnetization, and permeability across the structure [12] [13] [14] [15] [16] . This broken translational symmetry leads to the scattering and reflection of propagating spin waves, along with the possibility of a width-mode conversion. Generally, an analytical description of spin wave propagation across a curved magnonic waveguide is impossible to formulate unless some strong simplistic approximations are made [17] .
Magneto-optical imaging experiments and micromagnetic calculations have been extensively used in recent years to investigate the character of spin wave propagation across magnonic bends featuring different geometries of bending [12, [18] [19] [20] [21] [22] . This research has been restricted, however, to bends composed of metallic films, such as Permalloy. Insulating magnetic materials, such as yttrium iron garnet (YIG), possess significantly smaller magnetic damping compared to magnetic metals, and it has been recently demonstrated that this small damping persists even when the thickness of YIG is reduced to tens of nanometers [23, 24] . This suggests a possibility of using irregular YIG magnonic waveguides within all-magnonic insulator-based technology.
The majority of studies referenced above used a spatially varying bias magnetic field to magnetize the magnonic waveguide. This leaves open a difficult question as to how this mechanism can be effectively downscaled, since stray fields are notoriously difficult to confine on the micrometer and nanometer length scales. Only few studies have considered how spin waves propagate in a waveguide biased by a uniform magnetic field-such a stray field is much easier to practically deliver, upon miniaturization of the waveguide.
Here, we discuss the results of an experimental and numerical investigation into how spin waves propagate across a uniformly biased, geometrically curved magnonic waveguide, composed of YIG. The propagation is studied using a combination of microwave transmission measurements, Brillouin light scattering (BLS) microscopy [25] , and micromagnetic simulations [26] . We show that the transmission can be substantially enhanced through the modification of the spatial distribution of the internal magnetic field across the waveguide. These results demonstrate that a careful design of magnonic systems can significantly improve the transport of spin waves across magnonic circuitry.
A cartoon of the experimental setup is shown in Fig. 1 (a). The YIG structure was fabricated by laser scribing an epitaxially grown 10-μm-thick film of YIG (Y 3 Fe 5 O 12 ) with a saturation magnetization M 0 = 139 G. The curved waveguide had a constant width w = 470 μm, an inner radius of curvature R i = 2.5w, and was formed on a substrate of 500-μm-thick gadolinium gallium garnet (Gd 3 Ga 5 O 12 , GGG) [27] . Henceforth in this Rapid Communication, we refer to the sections of the YIG waveguide before and after the bend as the "input arm" and "output arm", respectively. Throughout the experiments discussed here, spin waves were excited at the base of the input arm using a microstrip. The input and output microwave transducers, of width w ms = 30 μm and length l ms = 1 mm, were laid on top of a 250-μm-thick wafer of polycrystalline corundum (polycor) (upon which the GGG substrate was similarly mounted), as depicted by the dashed line in the inset of Fig. 1 . A spatially uniform static magnetic field H 0 = 1150 Oe was applied in the plane of the YIG structure, canted at an angle ϕ relative to the x direction.
This system geometry leads to the input transducer exciting MSSWs along the input arm [28, 29] . The solid blue curve in Fig. 2(a) shows the transmission response (the absolute value of S 21 ) recorded using the vector network analyzer across the output arm with a frequency resolution of 0.02 MHz. Here, it is evident that spin wave width modes are being detected [30, 31] , whereby the distinct peaks in the measured transmission signal correspond to spin waves boasting a different number of antinodes across their lateral profile. The frequency of the ferromagnetic resonance for the in-plane magnetized stripe [32] can be calculated as
GHz, where γ /2π = 2.8 MHz/Oe is the electronic gyromagnetic ratio, and H i = 1128 Oe is the internal magnetic field calculated at the center of the input arm from micromagnetic • ). The shaded yellow area indicates the frequency region which displayed maximum transmission across the bend, and is shown in the inset of (b) with a zoomed frequency scale.
simulations. The two peaks at the frequencies f b1 and f b2 , below f 0 , originate from the high-order MSSW width modes (modes described laterally in the input arm by k x = nπ/w) that are excited within the input arm, i.e., the modes with n = 1 and n = 2 antinodes across their transverse dynamic magnetization profile, respectively [30] . At the frequencies above f 0 , the nth resonant peak in the transmission signal corresponds to the nth BVMSW width mode propagating across the output arm (modes described laterally by k y = nπ/w). The physical interpretation of these data is based on the dispersive conversion of the propagating spin wave. Specifically, the MSSW propagating along the input arm converts to multiple BVMSWs [10] , of different orders, propagating along the output arm. This is enabled by the overlap of the surface and volume spin wave bands, originating from the static demagnetization across the input arm [11] , the 060401-2 magnetocrystalline anisotropy of YIG [33] , and the lateral confinement of the propagating spin waves.
Microwave measurements also support the argument that MSSWs propagating in the input arm convert to BVMSWs propagating in the output arm. The frequency dependence of the propagation time τ (f ) and the phase-frequency response (f ) of the microstrip line with the curved magnonic waveguide are indicated by the blue-solid and red-dashed lines in Fig. 2(b) , respectively. It is well known that the propagation time (inversely proportional to the group velocity) for MSSWs and BVMSWs increases and decreases, respectively, upon increasing the excitation frequency [33, 34] . Across the curved magnonic waveguide, both MSSWs and BVMSWs are propagating. This leads to the formation of the peak at the frequency f 1 [ Fig. 2(b) ], which also corresponds to the maximum of the transmission [ Fig. 2(a) ]. At the frequencies lower than f 1 , the time-delay dependence corresponds to the MSSW, i.e., τ is increased with the frequency increase. The value of τ is almost constant in the vicinity of f 1 , and is reduced at the frequencies higher than f 1 . The latter behavior is typical for BVMSWs [33] . To verify the frequency dependence of propagation time for MSSW and BVMSV we performed a separate measurement of the spin wave propagation time in the input and output arms (see Supplemental Material [35] ).
The fact of the propagation of both types of the spin waves was also confirmed by the measurement of the phasefrequency response (f ) [since τ = d (f )/df ]. The inset of Fig. 2(b) shows, with higher resolution, the dependencies of τ (f ) and (f ) in the vicinity of f 1 . From these data one can conclude that the observed resonant peak corresponds to the nondispersive spin wave propagation in the curved magnonic waveguide [36, 37] . These findings are important 
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PHYSICAL REVIEW B 96, 060401(R) (2017) to the possible formation of bright and dark temporal solitons [38, 39] in the proposed structure. The propagation path of spin waves across the curved waveguide was imaged using BLS microscopy. The BLS intensity signal is proportional to the square of the amplitude of the magnetization oscillations. The panels in the left column of Fig. 3 show the normalized spatial maps of the BLS intensity that were recorded for different orientations of the static magnetic field, as indicated. Throughout, the probing laser spot was scanned across an area of (3.0 × 3.0) mm 2 , with a step size of 25 μm. The input transmission line carried 100-ns-long bursts of microwave at frequency f 1 = 5.05 GHz, with the burst repetition period set to 2 µs in order to avoid overheating of the YIG sample. Clearly, the highest peak of transmission at ϕ = 0
• in the vicinity of frequency f 1 corresponds to the simultaneous excitation of both the first and third width modes within the input arm [evidenced by the spatial beating observed in Fig. 3(a) ] and transformation of said modes to (predominantly) the first and second width modes in the output arm. To complement and further understand the experimental results, micromagnetic simulations were performed using the Object-Oriented MicroMagnetic Framework (OOMMF) [26] . These calculations yield both the intensity [ Fig. 3(b) ] and phase [ Fig. 3(c) ] of the propagating spin wave. The calculated spin wave intensity maps [ Fig. 3(b) ] agree qualitatively with the BLS data [ Fig. 3(a) ]. We emphasize that the spatial distribution of spin wave intensity does not significantly change over the frequency range of the first sideband in the vicinity of f 1 . The frequency dependence of the spin wave transmission coefficient T 21 (f ) calculated from the micromagnetic simulations shows a good agreement with that obtained by integrating the BLS intensity over the transverse section at the position (2.5 mm < y < 3.0 mm at x = 3.0 mm) of the output microstrip antenna [ Fig. 2(a) ]. The frequency resolution in the BLS microscopy measurements, defined by the microwave generator, was 2 MHz.
To investigate how the spin wave transmission was affected by the orientation of H 0 , further experiments and micromagnetic simulations were performed for various in-plane field angles ϕ. The results obtained for ϕ = 15
• and −15
• are shown in the middle and lower rows of Fig. 3 , respectively. We first note that the experimental and numerical results show that the deviation of the bias magnetic field away from the x axis leads to the excitation of both the first and second MSSW modes in the input arm. This is anticipated due to the breaking of the symmetry of the magnetization across the width of the input arm, with respect to the edges of the waveguide [12] . To study more quantitatively the transmission of the spin wave with the variation of angle ϕ, we plot the maximum of the transmission coefficient as a function of ϕ [ Fig. 4(a) ]. All spectra in Fig. 4(a) were obtained through integrating the BLS signal (acquired at the frequency f 1 = 5.05 GHz) over the region 2.5 mm < y < 3.0 mm at x = 3.0 mm.
Intuitively, one may expect that the transmission coefficient reaches its maximum value when ϕ = 0
• . However, we repeatedly observed that the strongest spin wave transmission across the magnonic bend was achieved when ϕ = −15
• , with the enhancement (relative to the transmission obtained when ϕ = 0
• ) reaching a factor of 2 (i.e., a logarithmic difference of 3 dB).
To explain the observed nontrivial angular dependence of the transmission, one might invoke two effects. The first concerns the interpretation of the observed spin wave propagation. Usually (and so far in this Rapid Communication), the spin waves propagating across the waveguides have been exclusively considered as laterally confined modes. However, it is equally valid to consider this as a spin wave beam that undergoes multiple reflections from the geometrical edges of the waveguide, according to the (generally anisotropic) laws of spin wave optics [40] [41] [42] . With this interpretation in mind, a comparison of the middle and lower panels of Fig. 3(a) shows that the spin wave beam undergoes fewer reflections from the waveguide's edges when ϕ = −15
• , compared to when ϕ = +15
• . Thus, the transmission is enhanced when ϕ = −15
• . However, this interpretation does not appear to explain the improved transmission at ϕ = −15
• in comparison to the case of ϕ = 0
• . The second effect that we consider involves the spatial variation of the static internal field across the curved bend. To study this, we performed micromagnetic simulations in order to quantitatively evaluate this variation, and the results are shown in Fig. 4(b) . The internal field is plotted for the center of the waveguide [as defined in the inset of Fig. 4(b) ] as a function of the length coordinate along the 060401-4 middle of the waveguide. We can see that, when ϕ = 0
• , the internal field increases monotonically and smoothly from H int1 = 1128 Oe to H int2 = 1150 Oe across the curved bend. This provides the possibility for spin waves to efficiently convert from MSSW into BVMSW in the frequency range between f start = γ √ H int1 (H int1 + 4πM 0 ) = 5.044 GHz and
GHz. The values of f start and f end confine the distinguishable frequency region of the spin wave transmission response [apparent in Fig. 2(a) ]. Figure 4 (b) summarizes the results of the internal field calculation, showing how the inhomogeneous distribution of the static internal magnetic field in the curved area depends on the orientation of the bias magnetic field. In particular, we observe that, by rotating the bias magnetic field away from ϕ = 0
• , we can induce either a local enhancement (ϕ = 15 • ) or reduction (ϕ = −15
• ) in the static internal field distribution in the curved region [ Fig. 4(c) ]. We can therefore use the interpretation from Ref. [43] to understand the transmission enhancement at ϕ = −15
• observed here. In Ref.
[43], Demokritov et al. considered the propagation of BVMSWs across a similar local field inhomogeneity and observed that the BVMSW was transmitted (reflected) when propagating across a local enhancement (reduction) in the internal field. Instead, we find that the opposite is true for propagating MSSWs, whereby the MSSW is transmitted (reflected) by a local reduction (enhancement) in the internal field. From a consideration of the dispersion characterizing MSSWs, it is evident that a region with a slightly enhanced local internal field decreases the wave number of the MSSW, and can indeed contain a turning point for a MSSW [44] [45] [46] [47] , whereas the local minor decrease of H int (ϕ) leads to the increase of the MSSW's wave number. The latter is better supported by the magnonic waveguide, hence explaining the improved transmission.
In conclusion, we have shown that the propagation of spin waves across a curved magnonic waveguide is strongly correlated with the profile of the internal field. In particular, the measurements and their analysis presented in this Rapid Communication demonstrate that the spin wave transmission through a magnonic waveguide bend can be either enhanced or reduced by tuning the orientation of the magnetization. We speculate that the reverse mechanism could also be true: If the input arm supports BVMSWs (such that ϕ = 90
• ), a similar enhancement or reduction of the spin wave transmission could be achieved through a modest rotation of the bias magnetic field. Furthermore, we believe that our findings can be applied in the future design of nanoscale magnonic devices to be fabricated from ultrathin YIG films, where the propagating spin waves will still retain some dispersive anisotropy from the dipolar interaction. 
